Ovicidal activity of 2,4-diphenyl-1,3-oxazoline congeners with various substituents on the 4-phenyl ring against two-spotted spider mites Tetranychus urticae was quantitatively analyzed using the classical QSAR (HanschFujita) method. In QSAR analysis, hydrophobicity in terms of log P (P: partition coefficient between 1-octanol and water) was the most significant parameter with its square term. The optimum log P value for 2,4-diphenyl-1,3-oxazoline analogs was evaluated as about 7.1. The introduction of substituents with inductive electron-withdrawing properties was also favorable to activity, but the presence of substituents at the ortho-and meta-positions was not promising.
Introduction
Some phytophagous mites cause serious damage to agricultural products, and attacks by two-spotted spider mites, Tetranychus urticae Koch (Acari: Tetranycidae), are particularly serious. To date, a number of acaricides with various modes of action have been developed to control these mites. Among them, acaricides which inhibit the growth and molting of mites are attractive, because they are effective against strains resistant to respiration inhibitor and neurotoxic compounds, and are thought to be safe for mammals. As growthregulatory-type acaricides, flucycloxuron, 1) flufenoxuron, 2) and hexythiazox 3) have been launched, and we recently developed a new growth inhibitor, etoxazole (X n ϭ2,6-F 2 , Y n ϭ2-OEt-4-t-Bu in I). 4, 5) Etoxazole inhibits chitin synthesis in the cultured integument of the rice stem borer Chilo suppressalis Walker (Nakagawa, unpublished) in a similar manner to insect chitin synthesis inhibitors, benzoylphenylurea (BPU; II) 6, 7) and 2-benzoylamino-5-phenythiadiazole (BPT; III) analogs. 8) With respect to BPUs such as diflubenzuron (X n ϭ2,6-F 2 , Y n ϭ4-Cl in II) and chlorfulazuron [X n ϭ2,6-F 2 , Y n ϭ3,5-Cl 2 -4-O-2-pyridyl(3-Cl,5-CF 3 ) in II], the quantitative structure-activity relationships (QSARs) have been intensively studied for both in vitro 7) and in vivo activity. [9] [10] [11] [12] [13] [14] [15] [16] We recently analyzed the substituent effect of the 2-phenyl moiety of 2,4-diphenyl-1,3-oxazoline analogs on the acaricidal activity against T. urticae. Results showed that the substituent effect on the activity is very similar to that of the benzoyl moiety of BPUs (II) for the inhibition of chitin synthesis, 6, 7) but not of BPT (III), 8) in which the molecular hydrophobicity was found to be the most important physicochemical parameter. 17, 18) In this study we quantitatively analyzed the substituent effects of the 4-phenyl moiety of 2,4-diphenyl-1,3-oxazoline analogs on ovicidal activity against T. urticae to identify the essential physicochemical property for the acaricidal activity of etoxazole analogs. The accumulation of QSAR results for acaricides is very helpful to rationally design new chemistry. In addition, the QSAR results of etoxazole congeners must be useful to disclose the molecular mechanism of chitin synthesis inhibitors such as BPU (II) and BPT (III).
Materials and Methods
Ordinary substituent parameters are listed in Table 1 , and are mostly cited from the references. 19) Log P values of com-pounds were estimated from the experimentally measured log P values of 2-(2,6-difluorophenyl)-1,3-oxazoline congeners 17) and p values of mono-substituted benzene. 19) Log P values of mono-substituted benzenes have been experimentally measured or estimated using CLOGP (Ver. 4.0, BioByte Corp., Claremont, CA). 20) All parameters used in QSAR analyses are listed in Table 2 . Multiple regression analysis was executed using QREG2.05. 21) In QSAR equations, n is the number of compounds, s is the standard deviation, r is the correlation coefficient, and F is the F ratio between regression and residual values. Values in parentheses are the confidence intervals of coefficients.
Ovicidal activity was estimated using the leaf dipping method. 22) In brief, adult females of T. urticae were released onto leaf disks which had been dipped into suspensions of various concentrations of test compounds, and allowed to oviposit for 24 hr. After one week, the concentrations leading to 50% mortality were evaluated as 0.01-0.1, 0.1-1, 1-10, 10-100, 100-1000, Ͼ1000 ppm. Although these values were not precisely determined, they are considered to be 0.05Ϯ 0.05, 0.5Ϯ0.5, 5.0Ϯ5.0, 50Ϯ50, 500Ϯ500, and >1000 ppm, respectively. These values were converted into molar concentrations (LC 50 , M) and their reciprocal logarithmic values (pLC 50 ) were calculated, as listed in Table 2 , and submitted to the following QSAR analyses.
Results
Equation (1) was formulated for 30 para-substituted compounds omitting four compounds, 36 (SCH 3 ), 37 (S-i-Pr), 38 (S-n-C 9 H 19 ), and 45 (NMe 2 ), because these substituents are sometimes labile to enzymatic degradation. 23, 24) derived using only hydrophobicity properties, log P and (log P) 2 . Although a significant equation was formulated for all para-substituted compounds (nϭ34), the correlation quality was worse (sϭ1.006, rϭ0.847). The addition of steric parameters such as E s , 25) van der Waals volume, 26) and STERIMOL parameters, 27) and electronic parameters such as Hammett constants 19) gave no significant correlation equation. The predicted values of all ortho-and meta-substituted compounds in Eq. (1) were 10-100 times lower than their observed values. Therefore, indicator variables I o and I m , which take 1 as the existence of substituents at the corresponding positions (ortho-and meta-) and otherwise 0, were used to derive the significant Eq. (2) Although both indicator variables can be replaced with steric parameters such as STERIMOL 27, 28) or van der Waals volume 26) parameters, the correlations of new equations were worse. As shown above, the estimated optimum hydrophobicity in terms of log P opt was similar between Eqs. (1) and (2) .
In further analysis, 2,4-and 3,4-disubstituted compounds 47-90 were added to formulate Eq. (3) In Eq. (4), Í indicates the sum of substituent parameter values. In the final equation, the optimum hydrophobicity is calculated to be 7.1, similar to that in Eqs. (1)- (3). The presence of indicator variables I o and I m means that the activity decreases about 50-fold and 500-fold by introducing substituents at ortho-and meta-positions, respectively. Although these indicator variables I o and I m can be replaced with steric parameters, the correlation was not improved, as discussed below. The correlation matrix between parameters used to derive Eqs. (3)- (5) is shown in Table 3 .
Discussion
The large standard deviations (0.775-1.037) of the equations are acceptable because the error of pLC 50 is about 1. Throughout QSAR analyses, only four compounds (36-38, 45) were excluded and were all predicted to be 20-100-fold more toxic. This is probably due to the fact that these substituents are susceptible to detoxification enzymes catalyzing the oxidation of the sulfur atom and N-demethylation. The Vol. 31, No. 4, 409-416 (2006) QSAR of 2,4-diphenyl-1,3-oxazolines 413 5 and V w , the quality of their correlations was worse than that of Eq. (4). Probably the presence of large groups at ortho-and meta-positions is unfavorable to ovicidal activity, even though the ortho-position of the 4-phenyl ring is substituted with the OEt group for etoxazole (57). In fact, some compounds without ortho-and meta-substituents (17-23, 29-31, 34, 46 ) are 10 times more active than etoxazole (57).
We previously analyzed the substituent effects at 2-phenyl moiety on ovicidal activity against T. urticae to derive Eq. (6). 17, 18) BAϭ1.591 (Ϯ1.187) log Pϩ2. In Eq. (6), BA is the score data such as 5, 4, 3, 2, and 1, which correspond to the respective LC 50 value (0.01-0.1, 0.1-1, 1-10, 10-100, and 100-1000 ppm). Here, we derived a similar correlation by using pLC 50 (M) instead of BA as shown in Eq. (7 In Eq. (7), I m/p takes 1 for compounds having meta-or parasubstituents at 2-phenyl moiety. Alternatively, if BA is used instead of pLC 50 of Eqs. (1)- (5), significant and similar correlations are able to be obtained. The s I values for SCH 3 and OC 6 H 5 used to derive Eq. (7) are 0.25 and 0.4, 18, 19) which are different from their previous values used in the formulation of Eq. (6). These results indicate that the use of score data is also applicable in the QSAR analysis, even though the dependent parameter in the Hansch-Fujita method must be a free-energyrelated value theoretically. Of course this BA index is rather close to the logarithmic scale of concentrations, because the difference between concentrations is 10-fold (1 as log unit).
QSAR results indicated that the optimum hydrophobicity for ovicidal activity of 2,4-diphenyl-1,3-oxazoline analogs against T. urtica was estimated to be very high (log P opt ϭ7.0), and it was higher than the log P value (5.37) of etoxazole.
Here we compared log P values of various commercial acaricides with different modes of action such as neuroactive, respiration inhibitory and growth regulatory effects, as shown in Table 4 . Since some reported log P values are very different from their CLOGP values, these are also listed. Interestingly most acaricides have very high log P values.
QSAR analyses of other acaricides were also executed, and it was shown that hydrophobicity is an important physicochemical property for activity [29] [30] [31] [32] [33] . For instance, acaricidal activities of pyrethroids 31) and alkanesulfonates 29) were parabolically correlated with hydrophobicity parameters such as p and log kЈ. Insecticidal activities of pyrethroids toward houseflies were also correlated parabolically with the hydrophobicity of the substituent.
31) The optimum log P value (7.1) derived from the analysis of substituted 2,4-diphenyl-1,3-oxazoline analogs is not very different from that of pyrethroids. On the other hand, for systemic acaricides, chloromethanesulfonamides, activity is negatively correlated with hydrophobicity, 30) which is understandable because compounds must move through the aqueous xylem of plants.
Previously, Nakagawa and co-workers quantitatively analyzed the substituent effects of benzoylphenylureas on insecti- cidal activity against rice stem borers Chilo suppressalis, [9] [10] [11] [12] 14) common cutworms Spodoptera litura, 13) and silkworms Bombyx mori. 13) In all three insects, the substituent effects at the benzoyl moiety were similar, but those at the phenyl moiety were different. In particular, electronic effects were different among the three insects. Electron-withdrawing groups enhance insecticidal activity against C. suppressalis, whereas electron-donating substituents are favorable for B. mori.
13) The electronic effect was insignificant in QSAR for larvicidal activity against S. litura. 13) In their discussion, electron-donating substituents are intrinsically favored and the presence of electron-withdrawing groups at the phenyl moiety plays a role in suppressing oxidative detoxication. This hypothesis is demonstrated by analyzing the inhibition of chitin synthesis at the tissue level, which is measured with and without the inhibitor of oxidative metabolism, piperonyl butoxide (PB). In the QSAR for in vitro activity measured in the absence of PB, the coefficient of the electronic effect in terms of s I was positive, but in the QSAR for activity derived in the presence of PB it reverted to negative. 7) Thus, a significant electronic effect with a positive sign indicates that the oxidative detoxication ability in T. urticae is high and electronwithdrawing groups are effective to partially suppress oxidative detoxification.
In conclusion, we could derive significant QSAR equations for 86 2-(2,6-difluoro)-4-phenyl-1,3-oxazolines with various substituents at the 4-phenyl moiety. About 50% of the correlation was explained only by hydrophobicity terms log P and (log P) 2 , and optimum hydrophobicity was estimated to be about 7.1 in terms of log P. This optimum log P value is similar to that of various acaricides on the market. The introduction of electron-withdrawing groups was favorable for ovicidal activity, but the presence of substituents at ortho-and meta-positions was unfavorable, even though the ortho-position of the commercialized "etoxazole" was substituted with an ethoxy group. QSAR results for 2,4-diphenyl-1,3-oxazolines were very similar to those of benzoylphenylureas with respect to both phenyl rings. 3.20 in CLOGP database.
